Identifying the ground state for interacting quantum spins on the kagome lattice is an important unresolved question in condensed matter physics owing to the great difficulty in selecting amongst competing states that are very close in energy. Antiferromagnetic (AF) spins on this lattice are highly frustrated, and for spin- 1 2 the ground state does not achieve magnetic order and is believed to be a quantum spin liquid (QSL). (1) (2) (3) (4) (5) (6) (7) (8) (9) The QSL is an unusual magnetic ground state, characterized by long-range quantum entanglement of the spins with the absence of long-range magnetic order. (10) (11) (12) (13) The recent identification of herbertsmithite (Cu 3 Zn(OH) 6 Cl 2 ) (14-17) as a leading candidate QSL material has ignited intense interest in further understanding similar kagome materials.
Often, real kagome materials have interactions that relieve the frustration and drive the moments to magnetically order. (18, 19) In contrast, for the ideal S = 1 2 kagome Heisen-berg model, theoretical calculations point towards various QSL ground states (gapped and ungapped), though the exact ground state is still a matter of great debate. (3-6, 9) Moreover, early calculations indicated that a valence bond crystal (VBC) state is a close rival to the QSL. (20) (21) (22) (23) Therefore, in a real material, the ground state may depend sensitively on small perturbations or lattice distortions. Here, we present a material system in which small changes can be made to the kagome lattice, thereby revealing closely related QSL, VBC, and spin ordered states. Importantly, we make close connection with theory by performing numerical simulations for the quantum moments based on the specific symmetry of the material.
In herbertsmithite, the kagome layers are separated by non-magnetic Zn 2+ ions, which preserves the two-dimensional character of the magnetic layers. While Zn 2+ does not mix onto the highly Jahn-Teller distorted Cu 2+ kagome sites, up to 15% Cu 2+ can mix onto the pseudooctahedral interlayer Zn 2+ sites, (24) which complicates the observations of intrinsic QSL behavior. (25) Barlowite (26) (Cu 4 (OH) 6 FBr) is another recently discovered mineral with layered Cu 2+ kagome planes that are stacked differently than in herbertsmithite. The Cu 2+ moments between the kagome layers cause long-range magnetic order at T N ≈ 10 − 15 K, much lower than the Curie-Weiss temperature. (27) (28) (29) (30) The magnetic structure of orthorhombic barlowite has been interpreted using conflicting models based on neutron powder diffraction data. (31, 32) The precise determination of the magnetic order is made challenging by the weak cross-section
Cu 2+ moments, and the stronger Bragg peaks from single crystals would be an important improvement.
While barlowite itself is an intriguing quantum magnet, it is also the parent of a QSL candidate, Zn-substituted barlowite, whose stability was first predicted by first principles calculations. (33, 34 ) Substituting barlowite's interlayer site with Zn 2+ isolates the Cu 2+ kagome layers, leading to Cu 3 Zn x Cu 1−x (OH) 6 FBr. Calculations also predict significantly fewer magnetic Cu 2+ "impurities" on the interlayer site than in herbertsmithite, making it an attractive material to study. (33) Polycrystalline samples show no magnetic order, and a gapped ground state with Z 2 topological order has been proposed. (31, 35, 36) The first single crystals of Znsubstituted barlowite were recently synthesized with x = 0.33, which suppresses magnetic order to T = 4 K. (30) Our novel synthesis techniques produce large single crystals of barlowite and Zn-substituted barlowite, and measurements of the magnetic and structural properties allow for detailed studies of how the QSL tendencies on the S = 1 2 kagome lattice are affected by subtle structural symmetry-lowering and magnetic impurities on the interlayer sites.
New high-symmetry barlowite: A subtly modulated kagome lattice The low-temperature symmetry of the previously-studied barlowite (denoted barlowite 1) (27-29, 31, 32, 37, 38) has also been subject to differing interpretations. We performed a comprehensive structural investigation employing a combination of high resolution synchrotron powder and single crystal X-ray diffraction (PXRD and SCXRD, Figures S2-S4) as well as neutron powder diffraction (NPD)
to definitively determine the structure of barlowite 1, which transforms to orthorhombic Pnma below T ≈ 265 K. Figure 1B shows the emergence of superlattice peaks and orthorhombic peak splitting related to this transition. We have also grown sizable single crystals of a different variant of barlowite using a new chemical reaction. (30) Intriguingly, these crystalline samples (denoted barlowite 2) have a low-temperature structure distinct from that of barlowite 1, belonging to the higher-symmetry hexagonal space group P6 3 /m. X-ray precession images ( Figure S1 ) exhibit the emergence of superlattice peaks consistent with this space group, and no orthorhombic splitting is observed ( Figures 1C, S5 -S6)-ruling out any orthorhombic distortion down to 20 times smaller than in barlowite 1. In the following, all peaks are indexed according to the high-temperature space group (P6 3 /mmc). Figure 1D shows a superlattice peak measured in a single crystal sample of barlowite 2. The temperature dependence of the integrated intensity from both longitudinal ( Figure 1D ) and transverse scans ( Figure S24 ) indicates that the struc-tural transition occurs at T ≈ 262(8) K (Figure 1D , inset). The fitted width of the superlattice peak (Table S18) indicates an in-plane domain size of ∼ 61Å assuming a finite-size domain model. (39) In both variants of barlowite, the structural phase transition is characterized by changes in the relative occupancies of the interlayer Cu 2+ site, summarized in Figure 1A . At T = 300 K, the interlayer Cu 2+ is disordered with equal occupancy over three symmetry-equivalent sites with distorted trigonal prismatic coordination (point group C 2v ). Below the phase transition in barlowite 1, we find that the interlayer Cu 2+ s become disordered over three symmetryinequivalent sites with unequal occupancies ( Figure 1A ). The much higher resolution of our new synchrotron X-ray diffraction data compared to neutron diffraction may explain why these occupancies have not been reported in previous structural models (31,32,37) (for our fit results, see Tables S3, S7 ). In barlowite 2, the superlattice unit cell is doubled along the a and b axes.
As shown in Figure 1 , two of the eight interlayer Cu 2+ locations have equal occupancy of the three sites, while the remaining six Cu 2+ locations have unequal occupancies. Barlowite 2 has a much less drastic difference in relative occupancy compared to barlowite 1, reflecting higher similarity with the high-temperature structure and less symmetry breaking.
While kagome materials often undergo structural transitions upon cooling that relieve the frustration, (40, 41) in barlowite the kagome layer remains substantially intact throughout the transition. At room temperature, there is only one kagome Cu 2+ site, forming equilateral triangles on the ideal kagome lattice. In both lower symmetry space groups, there are two distinct kagome Cu 2+ sites; thus, there are slight variations in the Cu-Cu distances-on the order of 0.01Å (Table S1 ). In barlowite 1, all kagome triangles are distorted, with the Cu-O-Cu kagome bond angles varying by ±1.2
• . In barlowite 2, two kagome equilateral triangles exist in the supercell with identical Cu-O-Cu kagome bond angles, and the other six triangles are only slightly distorted with bond angles varying by ±0.8
• around their triangles. In principle, these slight changes in bond lengths and bond angles should lead to different magnitudes of the magnetic exchange interaction, though the differences may be small. Most interestingly, the bonds form a pinwheel-type pattern, as depicted in Figure 2 . Also depicted are the bond patterns in barlowite 1, which has a strong orthorhombic distortion, and also in Zn-substituted barlowite (Cu 4−x Zn x (OH) 6 FBr with x > 0.5), which has the ideal kagome lattice.
Understanding the ground state physics with numerical simulations To explore the possible magnetic ground states stemming from these distinct structures, we investigated the ground state properties of the distorted Heisenberg model with Hamiltonian H = ij J ij S i · S j on the kagome lattice using the density-matrix renormalization group (DMRG) technique. (42) Our results for the isotropic case, i.e., J ij =J, are consistent with previous studies that the ground state of the system is a QSL state ( Figure 3C ), as expected.
(1-9) To understand the real materials,
we further calculated the model with couplings extracted from barlowite 1 and barlowite 2, with spatial anisotropy J < J as illustrated in Figure 3 . While both the long-range and interlayer magnetic couplings are neglected due to numerical limitations, the simplified model captures essential features of the magnetic correlations in the kagome layer.
To make predictions for experimental measurements of the magnetic correlations, the equaltime spin structure factor S(q) =
is calculated. The model for barlowite 1 yields a very sharp peak at [1, 1, 0] as shown in Figure 3A , implying a strong magnetic ordering tendency. In contrast, the model for barlowite 2 only exhibits a very broad peak ( Figure   3B ), indicating gapped spin excitations, with exponentially decaying spin-spin correlations. The pinwheel singlet pattern is consistent with a 12-site valence bond crystal (VBC) state, which is a close rival to the QSL state proposed in early calculations. (20) (21) (22) (23) In Figure 3D , we show the phase diagram of the J-J Heisenberg model on the kagome lattice as a function of J /J, where a phase transition between the pinwheel VBC order and the QSL state is found around Quantum magnetism of barlowite 2: Accommodating the pinwheel modulation Magnetic susceptibility measurements on barlowite 1 and 2 ( Figure 4A ) illustrate the significant differences between the two variants. While barlowite 1 has a transition at T N ≈ 16 K, barlowite 2 has two transitions: a broad transition at T N 1 ≈ 10 K and a second, sharp transition at Figure 4D shows the heat capacity (C mag ) and entropy (S) related to the magnetic transitions of single crystalline barlowite 2 in an applied field (µ 0 H). The onset of short range order is gradual but clearly becomes significant well below T = 16 K. For both 1 and 2, the entropy change associated with the magnetic transition is approximately 1/4 of the expected value for the four Cu 2+ s in the formula unit, implying that the interlayer Cu 2+ precipitates the order. (30) In an applied field, the transition broadens and shifts to lower temperature with a crossover at T ≈ 10 K, similar to the T N 1 of 2.
Our single crystals of barlowite 2 are large enough for AC susceptibility (χ') and DC magnetization (M ) measurements, revealing significant anisotropy (Figures 4B and C, S16-S17).
A net FM moment arises in the ab plane, while the susceptibility along the c-axis remains suppressed through the two magnetic transitions. The magnetization shows a similar story: at Table S18 ) and have enhanced background scattering. After deconvolving the instrumental resolution, the typical domain size extracted using a finite-size domain model (39) for the half-integer peaks is ∼ 118Å, while the integer peaks yield a much larger domain size > 360Å (close to the limit of instrument resolution). Their peak intensities also have distinct This indicates that the two transitions denote the ordering of two sets of moments; we model this below with the interlayer moments having short range order below T N 1 ≈ 10 K and the kagome moments having long range order below T N 2 ≈ 6 K.
Perhaps the simplest possible spin configuration based on the structural symmetry would be a variation of the q=0 arrangement for the kagome Cu 2+ s in which the spins on each triangle are oriented 120
• to each other ( Figure 5C ; Table S19 ). Since there are two crystallographically distinct kagome Cu 2+ sites (sets of red and green spins in Figure 5C ), we allow the sets to have different moment sizes and different in-plane rotation directions. The best magnetic structure based on these assumptions is depicted in Figure 5C . Each set of distinct kagome spins has a local q=0 arrangement with a relative angle of ∼ 28
• between the sets (here, a relative angle of zero would denote a perfect q=0 arrangement). We call this a "pinwheel q=0" state. In addition, parallel lines of spin in the kagome plane have an out-of-plane rotation angle of ∼ 29
• giving intensity at the [1 1 1] magnetic Bragg peak. This out-of-plane tilting along lines is consistent with the allowed zero energy modes in a q=0 structure with an easy-axis exchange anisotropy (here, the C 3 rotational symmetry of the lattice is spontaneously broken).
The interlayer moments are mostly directed along the [1 1 0] directions; however, the spin direction for the equal-occupancy interlayer sites is not strongly constrained by the fits. The net in-plane moment is 0.033 µ B /f.u., which is ∼ 3 times smaller than the FM moment of 0.11 µ B /f.u. obtained from the magnetization; the difference may be related to the field-cooled protocol used to determine the FM moment. The average kagome moment is significantly smaller than that proposed for barlowite 1, (32) and the magnetic peaks of barlowite 2 are considerably weaker than those observed in barlowite 1, (31,32) supporting its closer proximity to the QSL ground state.
While seemingly complicated, the above magnetic structure is perfectly consistent with the underlying microscopic magnetic interactions. Ab initio calculations indicate a strong FM interaction between the interlayer spin and its NN kagome spin. (28) This FM interaction would compete with the AF interactions between kagome spins and perturb the perfect q=0 configu-ration. We calculate the energy of various spin configurations for a classical model including the AF J between kagome moments and the J F M between the interlayer and kagome moments.
Based on our spin structure, the estimated FM couplings between the interlayer and kagome spins are indeed strong (−0.89J on average, Figure S28 ), consistent with previous density functional theory (DFT) calculations. (28) Due to the large number of spins in the unit cell and the limitations of our neutron data set, we cannot rule out small cantings of the kagome spins yielding a small in-plane FM moment (Table S20 ). We find that the same microscopic rules are consistent with the spin structure for barlowite 1 ( Figure 5D ), (32) albeit with an orthorhombic magnetic configuration. For completeness, we also fit barlowite 2 with the orthorhombic spin structure proposed for barlowite 1 (32) (Figures S26B and 27B , Table S19 ); however, this is not obviously compatible with the underlying crystal structure and interactions of barlowite 2.
We interpret the transitions at T N 1 = 10 K and T N 2 = 6 K in terms of a successive ordering of different spins. First, the interlayer spins begin ordering below T N 1 since these moments mainly contribute to the half-integer magnetic peaks (Table S22 ). The peak width indicates that they order with a short correlation length, consistent with the lack of a sharp anomaly in the heat capacity C (Figures 4D and S21 ). This is followed at T N 2 by sudden ordering of the kagome spins ( Figure 5B ), which account for most of the integer peak intensity and thus display long-range order (Tables S18, S22 ). The specific heat also begins to drop dramatically below T N 2 . The interlayer Cu 2+ correlations are probably affected by the random occupancy of the interlayers at low temperatures. Even below the structural transition temperature, the kagome lattice remains nearly perfect, and the kagome Cu 2+ moments are free to have longer-range correlations.
Theoretically, we attempt to understand these phase transitions by modeling the effect of the interlayer spins L on the kagome spins S as an effective Zeeman field, i.e.,
From the DMRG calculations, the kagome plane forms a VBC ordered ground state with a finite spin gap, e.g., ∆ ∼ 0.15J for J = 0.95J ( Figure 3D ).
Our experimental values for the interlayer moment (< 0.1 µ B ) in the intermediate temperature regime T N 2 < T < T N 1 yield an effective Zeeman field h ef f < 0.04J, which is too small to close the VBC spin gap, consistent with the lack of order of the kagome moments. However, the interlayer ordered moment and, therefore, h ef f continues to increase upon cooling. As a result, it becomes strong enough to destabilize the pinwheel VBC state and drive the system into the pinwheel q=0 state with long-range magnetic order. Extended X-ray absorption fine structure (EXAFS) measurements of the local structure independently support the above conclusions. In Figure 6C , a linear component analysis of normalized Cu EXAFS data for Zn EXAFS is shown in Figure S15 . The overall structural data indicate that both compositions of (Table S16 ; Figure S18 ).
In single crystalline Zn-substituted barlowite Zn Hence the degrees of freedom that give rise to this broad peak do not simply scale with the number of interlayer impurities.
Curie-Weiss fits on oriented single crystalline barlowite 2 and Zn (49) however, that material has bond deformations that are over ten times larger than we observe in barlowite 2. Here, we find that even for a few percent modulation of the bonds, the VBC is selected. Moreover, the calculated spin gap of 0.15J is similar to DMRG calculations for the spin gap of the QSL phase, (5, 6) attesting to their close proximity. Note that the VBC does not order spontaneously, but is rather pinned by the lattice distortion. The additional coupling to the interlayer spins eventually induces a q=0-type spin order, which is also known to be close in energy to the QSL phase. The q=0 structure is adjacent to the QSL ground state in 
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Figs. S1-S28 Tables S1-S25 References ( Competition between magnetic order, valence bond crystal, and quantum spin liquid states in the barlowite system. A) Schematics of the magnetic state of barlowite 2; at T < 6 K the kagome layer has long-range pinwheel q=0 order, and at 6 K < T < 10 K the kagome layer likely has a pinned pinwheel valence bond crystal state. The interlayer moments are short range ordered in both temperature ranges. B) Schematic of the ground state in single crystalline Zn H 0.56 . Neither the kagome nor the interlayer spins have appreciable magnetic order down to T = 0.1 K.
